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Edited by Judit Ova´diAbstract Thermophilic WF146 protease possesses four surface
loop insertions and a disulﬁde bond, resembling its psychrophilic
(subtilisins S41 and S39) and mesophilic (subtilisins SSII and
sphericase) homologs. Deletion of the insertion 3 (positions
193–197) or insertion 4 (positions 210–221) of WF146 protease
resulted in a signiﬁcant decrease of the enzyme stability. In addi-
tion, substitution of the residues Pro211 and Ala212 or residue
Glu221 which localized in the vicinity of a Ca2+ binding site of
the enzyme by the corresponding residues in subtilisin S41
remarkably reduced the half-life of the enzyme at 70 C, suggest-
ing that the three residues contributed to the thermostability of
the enzyme, probably by enhancing the aﬃnity of enzyme to
Ca2+. In the presence of dithiothreitol, the WF146 protease suf-
fered excessive autolysis, indicating that the Cys52-Cys65 disul-
ﬁde bond played a critical role in stabilizing the WF146 protease
against autolysis. The autolytic cleavage sites of the WF146 pro-
tease were identiﬁed to locate between residues Asn63-Gly64 and
Cys65-Ala66 by N-terminal amino acid analysis of the autolytic
product. It was noticed that the eﬀect of the autolytic cleavage at
Asn63-Gly64 could be compensated by the disulﬁde bond Cys52-
Cys65 under non-reducing condition, and the disulﬁde bond
cross-linked autolytic product remained active. The apparent
stabilization eﬀect of the disulﬁde bond Cys52-Cys65 in the
WF146 protease might provide a rational basis for improving
the stability of subtilase against autolysis by protein engineering.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Autolysis1. Introduction
Subtilisin-like proteases (subtilases) are widely distributed in
bacteria, archaea and eukaryotes, and have been extensively
studied not only to provide insight into the mechanism of
enzyme catalysis, but also because of their signiﬁcant applica-
tions in commercial ﬁelds [1]. Stability has been the property of
subtilases which has been most amenable to enhancement, yet
perhaps least understood [2]. Thermostable subtilases have*Corresponding author. Address: College of Life Sciences, Wuhan
University, Wuhan 430072, China. Fax: +86 27 68754833.
E-mail address: tang511@public.wh.hb.cn (B. Tang).
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doi:10.1016/j.febslet.2006.09.068aroused great interest due to their contributions to the under-
standing of the mechanism of enzyme stability, as well as their
biotechnological and industrial potential. Increasing numbers
of thermostable subtilases from thermophiles and hypertherm-
ophiles have been isolated and characterized. The crystallo-
graphic structures of thermitase from Thermoactinomyces
vulgaris [3] and Ak.1 protease from thermophilic Bacillus sp.
Ak.1 [4] have been determined, suggesting that the tighter
binding of Ca2+, the increased number of ionic and aromatic
interactions and constrained N and C termini in the enzymes
were likely sources of the enhanced enzyme stability. In the
case of Tk subtilisin from the hyperthermophilic archaeon
Thermococcus kodakaraensis KOD1, two insertions, localized
in two close surface loops of the enzyme, were supposed to in-
crease the enzyme stability through electrostatic interactions
[5]. In addition, it was found that disulﬁde bond(s) contributed
to the stability of Ak.1 protease [6] and aqualysin from Ther-
mus aquaticus TY-1 [7].
WF146 protease was a thermostable subtilisin-like protease
from a thermophilic Bacillus sp. WF146 [8]. This enzyme
was synthesized as a precursor consisting of a signal peptide,
an N-terminal propeptide and a mature region. The mature
WF146 protease had lower amino acid sequence identity with
other thermophilic subtilases, but shared high identities (65–
68%) with two psychrophilic subtilisins (S41 [9] and S39 [10])
and two mesophilic subtilisins (SSII [11] and sphericase [12]).
The ﬁve closely related subtilisins had two common structural
features that distinguished them from other subtilases [8,13].
Firstly, there were four insertions on the surface of these en-
zymes which were not found in other subtilases. Secondly,
there was a disulﬁde bond between the conserved Cys52 and
Cys65 residues (WF146 protease numbering) in these ﬁve en-
zymes but not observed in other subtilases. However, the func-
tions of the insertions and the disulﬁde bond in the stability of
these enzymes remains to be elucidated. On the other hand,
although WF146 protease was closely related to S41, S39, SSII
and sphericase, it was much more stable than its psychrophilic
and mesophilic homologs [8]. Comparison of the properties of
these homologous subtilisins adapted to diﬀerent temperatures
will help us to understand the mechanism of stability in these
enzymes. In this report, the role of two insertions in the
stability of WF146 protease was investigated by deletion and
point mutation analysis. Meanwhile, we found that the
Cys52-Cys65 disulﬁde bond played a key role in the enzyme
stability by helping the WF146 protease to resist autolytic
inactivation.ation of European Biochemical Societies.
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2.1. Materials
The restriction enzymes and T4 DNA ligase were purchased from
New England Biolabs. The Pfu DNA polymerase was purchased from
BioStar, Canada. Casein and dithiothreitol (DTT) were from Serva,
Heidelberg, Germany. Phenylmethylsulfonyl ﬂuoride (PMSF) and
bacitracin were from Amresco. All other reagents were the purest ones
commercially available.2.2. Plasmids construction and mutagenesis
Using plasmid pWSNM [8] as template, the DNA fragment encoding
the pro-WF146 protease was ampliﬁed by PCR employing the following
set of primers: primer F, 5 0-AAATGGCCATGGATGAGAGCAA-
GAGCACAAGTTCG-30 (underlined section is the MscI restriction
site); primer R, 5 0-GTGCTCGAGTTGGTCGCCCGCTTGGAC-
GGT-3 0 (underlined section is the XhoI restriction site). Each of the
25 ampliﬁcation cycles consisted of denaturation at 94 C for 30 s,
annealing at 58 C for 1 min, and extension at 72 C for 2.5 min. The
ampliﬁed DNA fragment was digested withMscI and XhoI, and ligated
intoMscI–XhoI restriction site of the pET26b plasmid (Novagen, Mad-
ison, WI, USA) to construct the expression plasmid pHSNM for the
pro-WF146 protease fused with a His-tag at the C-terminus.
Overlapping PCR was used to produce two diﬀerent deletions within
the coding sequence of theWF146 protease. In DM3, amino acids from
position 193 to 197 (insertion 3) were deleted, and in DM4, amino acids
from position 210 to 221 (insertion 4) were deleted. The plasmid
pHSNM was used as the template. Firstly, the 5 0 end of the coding se-
quence (from the starting methionine to either amino acid position 192
or 209) was ampliﬁed with the primer F in combinations with reverse
primer 192 (5 0-CCACACGGTACGTTCCTTCCAGAGCGGCGAC-
CGCTAC-3 0) or primer 209 (5 0-ATACTTCCACGTCCCGCCCCC-
GGGAGAAGAAGTCAGC-3 0). Meanwhile, the 3 0 end of the
WF146 protease coding sequence (from amino acid position 198 or
222 to the last Gln313 residue of the enzyme) was ampliﬁed with primer
198 (5 0-GGTCGCCGCTCTGGAAGGAACGTACCGTGTGGCTG-
ACT-3 0) or primer 222 (5 0-CTTCTTCTCCCGGGGGCGGGACGT-
GGAAGTATCCGCG-3 0) in combination with the primer R. The
16 bp overlapping regions (underlined) of primer 192 and primer 198
or primer 209 and primer 222 were designed to be complementary at
their respective domain boundaries. Each of the 25 ampliﬁcation cycles
consisted of denaturation at 94 C for 30 s, annealing at 55 C for
1 min, and extension at 72 C for 2 min. The ﬁrst round 5 0 and 3 0 ends
PCR products were used for the second round PCR without primer,
employing the following PCR program: 94 C for 30 s, 47 C for 30 s
and 72 C for 2 min (6 cycles), then 94 C for 30 s, 65 C for 30 s and
72 C for 2 min (15 cycles). In the third round PCR, the products of
the second round PCRwere ampliﬁed with primer F and primer R, gen-
erating PCR products containing the gene sequence of the WF146
protease with deletions incorporated within them. The PCR pro-
gram was the same as that used in the ﬁrst round PCR. The ﬁnal
PCR products were digested with MscI and XhoI and ligated into the
MscI–XhoI restriction site of pET26b to construct the expression plas-
mids pDM3 and pDM4 for the deletion mutants DM3 and DM4,
respectively.
The plasmid pHSNM was used as template for the construction of
the single (Glu221Lys) and double (Pro211Lys/Ala212Arg) mutants
by site-directed mutagenesis (megaprimer PCR [14]). First, the 3 0 end
of the coding sequence was ampliﬁed with the reverse primer R in
combinations with forward mutagenic primer K (5 0-CGTGATTCAA-
AAGCGGGACGTGG-3 0) or primer KR (5 0-CGGGGGAACAAGC-
GAACGGCC-3 0) where the nucleotides representing mutations were
underlined. Each of the 25 ampliﬁcation cycles consisted of denatur-
ation at 94 C for 30 s, annealing at 58 C for 30 s, and extension at
72 C for 1 min. Thereafter, a second round PCR was performed using
the products of the ﬁrst round PCR as the reverse primer and primer F
as the forward primer to amplify the gene of single or double mutant.
Each of the 25 ampliﬁcation cycles consisted of denaturation at 94 C
for 30 s, annealing at 58 C for 2 min, and extension at 72 C for 2 min.
The ampliﬁed DNA fragments were then digested withMscI and XhoI,
and ligated into the MscI–XhoI restriction site of pET26b to construct
the expression plasmid pEK and pPKAR for the single (Glu221Lys)
and double (Pro211Lys/Ala212Arg) mutants, respectively. All recom-
binant plasmids constructed in this report had been conﬁrmed bynucleotide sequencing using the BigDye Terminator Cycle Sequencing
kit (Perkin-Elmer Applied Biosystems, Foster City, CA, USA).2.3. Expression and puriﬁcation
The plasmids pHSNM, pDM3, pDM4, pEK and pPKAR were indi-
vidually transferred into E. coli BL21(DE3). Wild type and mutant
recombinant proteins were overexpressed after induction with isopro-
pyl-b-D-thiogalactopyranoside (IPTG), as described previously [8]. Then,
the cells were harvested and suspended in 50 mM Tris–HCl buﬀer (pH
8.0) containing 10 mM CaCl2, followed by sonication. The expressed
proforms of His-tagged wild type enzyme, DM3, Pro211Lys/
Ala212Arg and Glu221Lys were found to exist in the soluble fractions
of the respective total cell proteins, while that of the DM4 formed
inclusion bodies. The soluble fraction containing the proform of His-
tagged wild type enzyme, DM3, Pro211Lys/Ala212Arg or Glu221Lys
was subjected to aﬃnity chromatography on a Ni charged Chelating
Sepharose Fast Flow resin (Amersharm Biosciences, Sweden) col-
umn (1.6 cm · 20 cm) equilibrated with 50 mM Tris–HCl, 0.5 M NaCl,
pH 7.5 (buﬀer A) containing 9 mM imidazole. After washing the col-
umn with buﬀer A containing 40 mM imidazole, the bounded His-
tagged proform of enzyme was eluted with buﬀer A containing
300 mM imidazole, and the eluted fractions were dialyzed against
50 mM Tris–HCl buﬀer (pH 8.0) containing 10 mM CaCl2 at 4 C.
In order to activate the enzyme, the dialyzed fraction containing the
proform of His-tagged wild type enzyme, DM3 or Pro211Lys/
Ala212Arg was incubated at 60 C for 30 min, and that of Glu221Lys
was incubated at 20 C overnight, respectively. Attempts to purify the
mature forms of these enzymes using the Ni charged Chelating Sephar-
ose Fast Flow resin were unsuccessful, because they could not bind
to the resin, probably due to the processing of the His-tag by the
proteolytic activities of the enzymes. Therefore, these proteins were
separately subjected to aﬃnity chromatography on a bacitracin-
Sepharose 4B (Amersharm Biosciences, Sweden) column (1.6 cm ·
20 cm) equilibrated with 50 mM Tris–HCl, 0.5 M NaCl, pH 8.0
(buﬀer B). After washing with buﬀer B, the enzyme was eluted with
buﬀer B containing 25% isopropanol. Finally, the eluted fractions
containing the puriﬁed enzymes were dialyzed against 50 mM
Tris–HCl buﬀer (pH8.0) containing 10 mM CaCl2 and stored at 4 C
until used.
The inclusion bodies of the proform of DM4 were isolated and puri-
ﬁed as described by Tang et al. [15], subsequently solubilized in 50 mM
Caps buﬀer (pH 11) containing 8 M urea and 10 mMDTT. After incu-
bation at 30 C for 1 h, the supernatant of the solution was 10-fold di-
luted with 50 mM Caps buﬀer (pH 11), and then maintained at 25 C
for 2 h. Thereafter, the diluted solution was dialyzed against 50 mM
Tris–HCl buﬀer (pH8.0) containing 10 mM CaCl2 at 4 C overnight.
The dialyzed solution was subjected to aﬃnity chromatography on a
Ni charged Chelating Sepharose Fast Flow resin column as described
above.
The enzyme solution was concentrated using a Micron YM-3 cen-
trifugal ﬁlter (Amicon, Beverly, MA, USA) as needed. Protein concen-
trations were determined spectrophotometrically at 280 nm using
extinction coeﬃcient of 50880 M1 cm1 for mature WF146 protease,
DM3, Pro211Lys/Ala212Arg or Glu221Lys, value calculated from
their respective amino acid compositions. Using casein as substrate,
the proteolytic activity of enzyme was assayed as described previously
[8].2.4. SDS–PAGE and estimation of the relative amounts of the autolytic
products
The SDS–PAGE was carried out employing glycine–Tris [16] or Tri-
cine–Tris buﬀer systems [17]. Unless otherwise indicated, the loading
buﬀer contained 1% of b-mercaptoethanol. To prevent self-degrada-
tion of the protease during sample preparation (boiling) or electropho-
resis, the protease was precipitated by trichloroacetic acid (TCA) at a
ﬁnal concentration of 20%, and then washed with acetone before being
subjected to SDS–PAGE. The contents of the mature WF146 protease
and the autolytic products in the enzyme samples were estimated from
the band intensities on SDS–PAGE gel using GeneTools gel imaging
software (Syngene, Cambridge, UK). The relative amount of each
component was calculated according to the content and molecular
mass of the corresponding component, when compared with that of
the initial mature WF146 protease which was assigned a reference
value of 100%.
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The components separated by SDS–PAGE were transferred onto a
polyvinylidene diﬂuoride (PVDF) membrane by Western blotting.
After staining with Coomassie Brilliant blue R-250, the target band
was excised and subjected to N-terminal amino acid sequence analysis
using a Procise 492 cLC peptide sequencer (Applied Biosystems).2.6. Fluorescence spectroscopy
The puriﬁed mature WF146 protease (30 lg/ml) was pretreated with
5 mM of PMSF in 50 mM Tris–HCl buﬀer (pH 8.0) containing 10 mM
CaCl2 at 25 C for 1 h. Thereafter, the inactivated enzyme sample was
divided into two portions, of which one portion was supplemented
with 10 mM DTT and incubated at 25 C for 1 h to reduce the
Cys52-Cys65 disulﬁde bond. The non-reduced and reduced enzyme
samples were ﬁrst subjected to ﬂuorescence spectroscopy on a Shima-
dzu RF-5301PC spectroﬂuorophotometer at 25 C, respectively. Then,
the two samples were incubated at 60 C for 1 h, and the emission spec-
trum was recorded immediately after heat treatment. The protein sam-
ples were excited at 295 nm and each emission spectrum was obtained
by averaging three scans between 300 nm and 400 nm. Conformational
analysis of the enzyme made use of the emission of the intrinsic tryp-
tophan ﬂuorescence emission.3. Results and discussion
3.1. The roles of two insertions on the enzyme stability
Resembling S41, S39, SSII and sphericase, the WF146 pro-
tease contained four insertions at positions 60–61 (insertion
1), 126–130 (insertion 2), 193–197 (insertion 3) and 210–221
(insertion 4) [8,13] compared to other subtilases. It should be
mentioned that the ﬁrst four N-terminal residues of the mature
WF146 protease were identiﬁed as ATPS by N-terminal amino
acid sequencing, thus the residues of the WF146 protease in
this report were renumbered from Ala1 to correct the previous
numbering of the residues of the enzyme [8] where the residue
Thr following the residue Ala1 was assumed to be the ﬁrst res-
idue by the alignment of the enzyme with other subtilase. Re-
cently, the crystal structure of sphericase has been determined
[12]. The four insertions of sphericase all located on the surface
of the enzyme, where the insertion 3 formed a b-strand (b-
strand 10). The insertion 4 was one of the ﬁve Ca2+ binding
sites in this enzyme, and was not found in other subtilases
(Fig. 1). The high identity (67%) between WF146 proteaseFig. 1. Protein sequence comparison of the regions around the autolysis sites
sphericase, thermitase and subtilisin BPN 0. Solid circles mark the catalytic res
of WF146 protease (down) and subtilisin BPN 0 (up), respectively. Horizontal
and sphericase. Bolded residues indicate the Cys residues forming disulﬁde b
The residues involved in Ca2+ binding in sphericase and thermitase are under
respectively.and sphericase enabled us to perform homology modeling of
WF146 protease, and the resulted structure model of WF146
protease was very similar to that of sphericase (data not
shown). In order to investigate the eﬀects of the insertions 3
and 4 on the enzyme stability, two deletion mutants (DM3
and DM4) were constructed by deleting the insertions 3 and
4 from WF146 protease, respectively.
After expressed in E. coli BL21(DE3), the proform of DM3
was found to exist in the soluble fraction of the total cell pro-
tein, and convert to mature enzyme by heat treatment at 60 C.
However, the half-life of the puriﬁed mature DM3 at 70 C
was 60 min (Fig. 2), while the wild type WF146 protease re-
tained 90% of its activity after heat treatment at 70 C for
60 min, indicating that the deletion of insertion 3 destabilized
the enzyme. Supporting evidence came from the proteolysis
analysis of PMSF-inactivated DM3 and wild-type enzyme
(Fig. 3). Compared with the PMSF-inactivated wild-type en-
zyme, the PMSF-inactivated DM3 suﬀered excessive degrada-
tion by trace amount of active WF146 protease at 70 C,
indicating that the DM3 molecule was more easily converted
into unfolded state which were sensitive to proteolysis due to
the increased instability of the mutant enzyme. According to
the crystal structure of sphericase and the structure model of
WF146 protease, the b-strand 10 (insertion 3) was hydrogen-
bonded to the neighboring b-strand 11 to form an antiparallel
b-sheet on the surface of the enzyme (Fig. 1). The deletion of
insertion 3 decreased the stability of the enzyme, probably
by removal of favorable hydrogen bonds to the neighboring
b-strand, resulting in increased ﬂexibility of the protein.
In our previous work [8], the expressed proform of wild-type
WF146 protease was soluble, and would convert to mature
form by processing the N-terminal propeptide after heat treat-
ment. Recently, we have constructed a mutant, of which the
catalytic residue Ser249 was replaced by Ala. The expressed
soluble proform of Ser249Ala was unable to process the N-ter-
minal propeptide under the identical condition used for wild-
type enzyme, suggesting that the processing of the N-terminal
propeptide occurred in an autocatalytic way (unpublished
data). Unlike the wild-type enzyme, the expressed proform
of DM4 formed inclusion bodies in the cell of E. coli
BL21(DE3). Nevertheless, more than 60% of the pro-DM4(A) and the insertions 3 and 4 (B) in WF146 protease with those in S41,
idues Asp and His. Vertical arrows indicate the autolytic cleavage sites
arrows indicate the b-strands 10 (e10) and 11 (e11) in WF146 protease
ond. The bolded italic residues are those mutated in WF146 protease.
lined. The numbers 3 and 4 indicate the positions of insertions 3 and 4,
Fig. 2. Heat inactivation of wild-type WF146 protease and its
variants. The enzyme samples (30 lg/ml) of wild-type WF146 protease
(n), DM3 (d), Pro211Lys/Ala212Arg (m) and Glu221Lys (.) in
50 mM Tris–HCl buﬀer (pH 8.0) containing 10 mM CaCl2 were
incubated at 70 C for the indicated times and then subjected to
activity assay as described in Section 2. The residual activity was
expressed as a percentage of the original activity. Semilog of the
residual activity was plotted versus incubation time.
Fig. 3. Proteolysis of PMSF-inactivated wild-type WF146 protease
and DM3. The wild-type WF146 protease and DM3 (30 lg/ml) were
ﬁrst inactivated with 5 mM of PMSF (1 h, 25 C), then dialyzed
against 50 mM Tris–HCl buﬀer (pH 8.0) containing 10 mM CaCl2 to
remove excess PMSF. The PMSF-inactivated wild-type enzyme and
DM3 were mixed with active wild-type WF146 protease with a molar
ratio of 100:1 and incubated at 70 C, respectively. At the time
intervals indicated, samples were removed and subjected to SDS–
PAGE analysis using Tricine–Tris buﬀer system.
Fig. 4. SDS–PAGE analysis of the refolding products of pro-DM4.
Lane 1, molecular mass marker; lane 2, the inclusion body of pro-
DM4; lane 3, the refolding products of the enzyme; lane 4, the
supernatant of the refolding products after incubated at 60 C for
30 min; lane 5, the precipitation of the refolding products after heat
treatment; Lane 6, the elution fraction of the refolding products from
Ni charged Chelating Sepharose Fast Flow resin column. The arrows
indicate the positions of pro-DM4 (NM 0), the mature DM4 (M 0) and
the N-terminal propeptide of the enzyme (N) on the gel, respectively.
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peptide after renaturation process (Fig. 4, lanes 2 and 3). This
result indicated that the denatured pro-DM4 was able to refold
‘‘correctly’’, because a misfolded pro-DM4 without correct ac-
tive site conformation would lose the ability to autocatalyti-
cally remove the N-terminal propeptide from the mature
region. It should be mentioned that the conformation of the
‘‘correctly’’ folded pro-DM4 should not be the same as that
of the wild type enzyme, because of the deletion of insertion
4 in the mutant enzyme. However, no proteolytic activity
was detected and the cleaved N-terminal propeptide kept in-
tact in the renaturation solution. Meanwhile, the N-terminal
propeptide was co-eluted from the Ni charged ChelatingSepharose Fast Flow resin column with mature DM4 which
had been His-tagged at the C-terminus (Fig. 4, lane 6), indicat-
ing that the cleaved N-terminal propeptide still bound to the
mature DM4 after processing. It has been reported that the
N-terminal propeptides of many subtilisins usually function
as intramolecular chaperones to assist the folding of their cog-
nate mature enzymes [18], and have the ability to inhibit the
proteolytic activity of the mature enzymes [19]. The removal
and degradation of the processed N-terminal propeptides is
necessary for the exhibition of the activities of the mature
enzymes [18]. In order to degrade the cleaved N-terminal pro-
peptide and release the activity of the mature enzyme, the rena-
turation solution of DM4 was subjected to heat treatment at
60 C, but most of the pro- and mature forms of DM4 precip-
itated after 30 min (Fig. 4, lane 5), while the cleaved N-termi-
nal propeptide remained in the supernatant (Fig. 4, lane 4),
suggesting that the DM4 was much less stable than the wild
type enzyme [8]. After adding trace amount of mature
WF146 protease into the renaturation solution of DM4, both
the N-terminal propeptide and the mature DM4 were found to
be fully degraded in less than 15 min at 60 C (data not
shown), implying that the mature DM4 underwent unfolding
at 60 C and was susceptible to digestion by the stable mature
WF146 protease. As mentioned above, the insertion 4 of
sphericase was a Ca2+ binding site, and this Ca2+ binding site
also existed in the WF146 protease because the residues in-
volved in binding Ca2+ were found in the WF146 protease
(Thr213, Asp216, Val218, Gln220 and Asp223) as well. The
decrease of stability of the DM4 indicated that the insertion
4 played an important structural role in the stability of the
WF146 protease. Considering that the residues involved in
binding Ca2+ were conserved among S41, S39, SSII, sphericase
and WF146 protease, it seemed that this Ca2+ binding site was
a structural determinant of the stability of these closely related
homologous subtilisins.
Anyway, the WF146 protease was much more stable than its
psychrophilic and mesophilic homologs. One attractive trait of
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seven substituted residues which were responsible for the
enhancement of the thermostability of the S41 variant 3-2G7
[8,19]. Moreover, three of the ﬁve residues (Pro211, Ala212
and Glu221) localized in the insertion 4 of the WF146 protease
(Fig. 1). To check if these three residues contributed to the
enhanced stability of WF146 protease, a single mutant
(Glu221Lys) and a double mutant (Pro211Lys/Ala212Arg)
were constructed by substituting the three residues by the cor-
responding Lys, Arg and Lys in S41, respectively. As shown in
Fig. 2, the variants Glu221Lys and Pro211Lys/Ala212Arg
were much less stable than the wild type WF146 protease.
Because Pro211, Ala212 and Glu221 localized in the vicinity
of the residues involved in binding Ca2+, changing them by po-
sitive charged residues was expected to aﬀect Ca2+ binding. It
has been reported that increased aﬃnity for Ca2+ contributed
to the stabilization of the S41 variant 3-2G7 [20]. Therefore,
the enhanced aﬃnity to Ca2+ was one of the strategies em-
ployed by the WF146 protease to thermal adaptation. It was
suggested that the four insertions mentioned above could con-
tribute to the instability and ﬂexibility of the cold-adapted S41
by displaying additional interaction with the solvent and more
amplitude in the relative movements between secondary struc-
tures [13]. The apparent controversy related to the eﬀect of
these insertions on the thermostability of unstable S41 and
thermostable WF146 protease could be rather explained, not
by the presence or not of these insertions, but by their respec-
tive composition in amino acids which in the case of insertion 4
in WF146 protease can indeed, when compared to that of S41,
signiﬁcantly increases the thermostability of the enzyme.3.2. The role of disulﬁde bond on the enzyme stability
The WF146 protease and its closely related psychrophilic
and mesophilic homologs contained two cysteines, which were
found to form disulﬁde bond in S41 and sphericase by
molecular modeling [13] and crystal structure analyzing [12],
respectively. When the WF146 protease was subjected to
SDS–PAGE run under non-reducing condition, it migrated
faster than the reduced enzyme (Fig. 5A) due to a smaller ra-
dius of gyration [21], demonstrating that the Cys52 and Cys65
also formed disulﬁde bond in the WF146 protease. It was ob-
served that the dithiothreitol treated mature WF146 protease
suﬀered excessive autolysis via intermediate products with
molecular masses of 25 kDa and 7 kDa, while the enzyme re-
mained stable up to 150 min at 60 C in the absence of dithio-
threitol (Fig. 5B), indicating that the Cys52-Cys65 disulﬁde
bond was an important structural determinant in stabilizing
the WF146 protease against autolysis. Nevertheless, the
WF146 protease also suﬀered autolysis in the absence of dithi-
othreitol at higher protein concentration, and the autolysis of
the enzyme is concentration-dependent (Supplemental Figure
2). After heat treatment of the concentrated enzyme (300 lg/
ml) at 60 C for 15 min, 50% of the enzyme molecules con-
verted to autolytic products (Fig. 5C). By N-terminal amino
acid sequencing, the 25 kDa product (60 C, 15 min) was
found to be composed of two classes of autolytic fragments,
with the ﬁrst eight amino acid sequences identiﬁed as
GXADGNGHG (FC1, 60%) and ADGNGHGTH (FC2,
40%) which coincided with the deduced amino acid sequence
of the WF146 protease after Asn63 and Cys65 [8], respectively,
indicating that the autolytic cleavage sites of the WF146 pro-tease located between residues Asn63-Gly64 and Cys65-
Ala66 (Fig. 1). Because the major autolytic cleavage site
(Asn63-Gly64) located between the Cys52 and Cys65 residues,
the autolytic degraded fragment FC1 should be crosslinked
with its cognate N-terminal fragment (FN1) by the Cys52-
Cys65 disulﬁde bond to form an autolytic product (FN1C1).
Supporting evidence came from the SDS–PAGE analysis of
the autolytic enzyme sample under reducing or non-reducing
conditions (Fig. 5C), where the disulﬁde bond crosslinked
FN1C1 migrated together with the uncleaved mature WF146
protease in the absence of b-mercaptoethanol, leading to the
appearance of a 32 kDa protein band with higher intensity
than that only contained uncleaved mature WF146 protease
under reducing condition. It was noticed that, although the rel-
ative amounts of mature WF146 protease in the heat-treated
enzyme sample (60 C for 15 min) was only 50% due to auto-
lytic cleavage, but the relative activity of this enzyme sample
was 95% of that without heat treatment (Fig. 5C), suggesting
that the extra 45% proteolytic activity came from the autolytic
products. It was reasonable that the autolytic product FN1C1
remained active, because the eﬀect of the autolytic cleavage
could be compensated by the disulﬁde bond via cross-linking
the two cleaved fragments, resembling the case of chymotryp-
sin [22]. Considering that the sum of the relative amounts of
mature WF146 protease and FN1C1 was 80% in the heat-trea-
ted sample (60 C for 15 min) remaining 95% of enzyme activ-
ity, it was assumed that the autolytic fragment FC2 might
combine with its cognate N-terminal fragment (FN2) to form
an active FN2C2 complex, supposing the speciﬁc activity of
FN1C1 was similar to that of mature enzyme. Anyway, further
investigations including separation and characterization of
FN1C1 and the possible FN2C2 complex are required to clar-
ify this situation.
In order to examine the eﬀect of the Cys52-Cys65 disulﬁde
bond on the global structure of the enzyme, the WF146 prote-
ase was inactivated by PMSF, and then subjected to ﬂuores-
cence spectroscopy analysis in the absence or presence of
dithiothreitol (Fig. 6). At 25 C, both the non-reduced and
the reduced enzymes displayed intrinsic ﬂuorescence spectra
of maximum emission at 336 nm, while the ﬂuorescence emis-
sion intensity of the reduced enzyme is 30% lower than that of
the non-reduced one, resulting from the ﬂuorescence quench-
ing of Trp by –SH groups of dithiothreitol [23]. After heat
treatment at 60 C for 60 min, the ﬂuorescence emission inten-
sities of both the non-reduced and reduced enzymes decreased
due to thermal ﬂuorescence quenching [24], but no apparent
blue- or red-shift of maximum emission was detected, implying
that the global structure of the enzyme did not change signif-
icantly by the heat treatment [25], even after the reduction of
the Cys52-Cys65 disulﬁde bond.
Several naturally occurring disulﬁde bonds have been identi-
ﬁed in sabtilases [26]. The disulﬁde bonds in aqualysin [27],
proteinase K [28], Ak.1 protease [6] and Vibrio proteinase
[29] were found to contribute to the enzyme stability. However,
most attempts to stabilize subtilases by introduction of disul-
ﬁde bonds were unsuccessful [1,2]. The ﬁrst successful stabil-
ization of subtilase was the introduction of the Cys61-Cys98
disulﬁde bond into subtilisin E, which mimicked a naturally
occurring disulﬁde bond in aqualysin [30]. The disulﬁde bond
Cys52-Cys65 in the WF146 protease, S41 and sphericase was
not identical to any of the naturally occurring and engineered
disulﬁde bonds mentioned above. It was proposed that this
Fig. 5. The eﬀect of disulﬁde bond on the stability of the WF146 protease against autolysis. (A) Detection of the disulﬁde bond formation in the
WF146 protease by SDS–PAGE. The puriﬁed enzyme was precipitated by 20% TCA, followed by washing with acetone. The precipitated protein was
dissolved in loading buﬀer with (lane 2) or without (lane 3) 1% of b-mercaptoethanol, and the boiled at 100 C for 5 min before SDS–PAGE analysis.
The arrows indicate the positions of the reduced and non-reduced forms of the enzyme, respectively. (B) The eﬀect of DTT on the autolysis of WF146
protease. The enzyme solution (30 lg/ml) was incubated at 60 C in the absence or presence of 10 mM DTT. At the time intervals indicated, samples
were removed and subjected to SDS–PAGE employing Tricine–Tris buﬀer system. The arrows indicate the positions of mature enzyme (32 kDa) and
autolytic products (25 kDa and 7 kDa), respectively. (C) The autolysis of WF146 protease at higher protein concentration. The concentrated enzyme
sample (300 lg/ml) was incubated at 60 C for diﬀerent time as indicated. Aliquots were removed and subjected to SDS–PAGE employing Tricine–
Tris buﬀer system in the absence (up) or presence (down) of b-mercaptoethanol (b-ME). Relative activities were calculated with the initial activity of
the enzyme before heat treatment deﬁned as 100%.
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Fig. 6. Fluorescence emission spectra of the WF146 protease. All
experiments were performed with a protein concentration of 30 lg/ml.
The enzyme was ﬁrst inactivated by PMSF as described in Section 2. A
portion of the inactivated enzyme sample was treated with 10 mM
DTT at 25 C for 1 h. The protein samples were excited at 295 nm and
each emission spectrum was obtained by averaging three scans. Curves
1 (n) and 2 (m) represent the ﬂuorescence spectra of the non-reduced
and reduced enzymes at 25 C, respectively. Curves 3 (d) and 4 (.)
represent the ﬂuorescence spectra of the non-reduced and reduced
enzymes after incubated at 60 C for 1 h, respectively.
Y. Bian et al. / FEBS Letters 580 (2006) 6007–6014 6013disulﬁde bond in the psychrophilic S41 did not provide signif-
icant extra stability to the enzyme, based on the observation
that the activity decay of the enzyme samples incubated at
45 C with 0, 20, and 100 mM dithiothreitol were identical
[13]. In contrast, the disulﬁde bond Cys52-Cys65 was found
to be largely responsible for the stabilization of the WF146
protease against autolysis. In the case of S41, the importance
of this bridge in the protection of the enzyme against autolysis
was probably counterbalanced by other changes working in
the opposite direction. Moreover, the eﬀect of the autolytic
cleavage could be compensated by the disulﬁde bond via
cross-linking the two cleaved fragment in the WF146 protease,
a feature not observed in other subtilases containing disulﬁde
bond(s) so far. The two autolytic cleavage sites of the
WF146 protease located on a surface loop within the region
between the catalytic residues Asp35 and His71. This accessi-
ble region seemed to be a ‘‘weak point’’ of subtilases suscepti-
ble to autolysis, because one of the two major autolytic
cleavage sites of subtilisin BPN 0 (Ala48-Ser49, BPN 0 number-
ing) was also located in this region (Fig. 1) [31]. The facts that
the WF146 protease suﬀered speciﬁc autolytic cleavage at the
initial stage of autolytic degradation and at a higher protein
concentration suggested that the autolysis of the enzyme in-
volved a local unfolding event followed by autolytic cleavage,
rather than a fully unfolding of the enzyme molecule, resem-
bling that proposed for subtilisin BPN 0 [31]. The formation
of the disulﬁde bond Cys52-Cys65 was helpful for the
WF146 protease to resist autolysis, probably by decreasing
the ﬂexibility of the autolysis loop (positions 64–70). Similar
proposal has also been suggested for a thermolysin-like prote-
ase from Bacillus stearothermophilus, where the introduction of
a disulﬁde bond into the enzyme enhanced the enzyme stability
toward autolysis due to increased rigidity of local region rather
than stabilization of the enzyme toward global unfolding
[32,33]. In addition, it has been reported that the thermostablethermitase possessed three stabilizing Ca2+ binding sites, of
which the second one lay in the loop of residues 59 to 65
(thermitase numbering) and reduced the local mobility of the
accessible loop (Fig. 1) [3]. Furthermore, substitution of the
autolysis loop (positions 45–63) of subtilisin BPN 0 by the sec-
ond stabilizing Ca2+ binding site of thermitase improved its
autolytic stability more than 10-fold in the presence of Ca2+
[31]. The apparent stabilization eﬀect of the disulﬁde bond
Cys52-Cys65 in the WF146 protease might provide a rational
basis for improving the stability of subtilase against autolysis
by protein engineering.
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